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ABSTRACT
SPT0346-52 is one of the most most luminous and intensely star-forming galaxies in the universe,
with LFIR > 10
13 L and ΣSFR ≈ 4200 M yr−1 kpc−2. In this paper, we present ∼ 0.′′15 ALMA
observations of the [CII]158µm emission line in this z = 5.7 dusty star-forming galaxy. We use a
pixellated lensing reconstruction code to spatially and kinematically resolve the source-plane [CII] and
rest-frame 158µm dust continuum structure at ∼ 700 pc (∼ 0.′′12) resolution. We discuss the [CII]
deficit with a pixellated study of the L[CII]/LFIR ratio in the source plane. We find that individual
pixels within the galaxy follow the same trend found using unresolved observations of other galaxies,
indicating that the deficit arises on scales . 700 pc. The lensing reconstruction reveals two spatially
and kinematically separated components (∼ 1 kpc and ∼ 500 km s−1 apart) connected by a bridge
of gas. Both components are found to be globally unstable, with Toomre Q instability parameters
 1 everywhere. We argue that SPT0346-52 is undergoing a major merger, which is likely driving
the intense and compact star formation.
1. INTRODUCTION
Dusty star-forming galaxies (DSFGs) are among the
most infrared-luminous (LFIR > 10
12 L, where LFIR
is the luminosity integrated from 42.5 − 122.5µm,
Helou et al. 1988) and intensely star-forming (ΣSFR ∼
1000 M yr−1 kpc−2) galaxies in the universe (Greve
et al. 2012; Casey et al. 2014; Ma et al. 2015). The origin
of DSFGs is heavily debated (Sanders et al. 1988; Engel
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et al. 2010; Narayanan et al. 2010; Hayward et al. 2012,
2013; Chen et al. 2015; Oteo et al. 2016). It has been the-
orized that strong starbursts like DSFGs will eventually
form the massive elliptical galaxies seen in the centers
of galaxy clusters at z < 1.5 (Thomas et al. 2005, 2010;
Kodama et al. 2007; Kriek et al. 2008; Zirm et al. 2008;
Gabor & Dave´ 2012; Hartley et al. 2013; Toft et al. 2014).
Recent surveys with the 2500 deg2 South Pole Tele-
scope (SPT; Vieira et al. 2010; Carlstrom et al. 2011;
Mocanu et al. 2013) have greatly expanded the number
of known, bright, strongly lensed DSFGs up to z ∼ 7
(Strandet et al. 2017; Marrone et al. 2018). One of the
most extreme DSFGs discovered by SPT, with the high-
est LFIR and ΣSFR in the SPT sample, is SPT-S J034640-
5204.9 (hereafter SPT0346-52). SPT0346-52 has been
studied at radio, infrared, optical, and X-ray wavelengths
(Vieira et al. 2013; Weiß et al. 2013; Hezaveh et al. 2013;
Gullberg et al. 2015; Ma et al. 2015; Spilker et al. 2015;
Ma et al. 2016; Strandet et al. 2016; Aravena et al. 2016;
Spilker et al. 2016).
SPT0346-52 is a gravitationally lensed galaxy at z =
5.6559 (Weiß et al. 2013), with lensing magnification
µ = 5.6 ± 0.1 (Spilker et al. 2016). It has an apparent
LFIR = 1.23 × 1014 L (Spilker et al. 2015) and spe-
cific star formation rate sSFR > 15.7 Gyr−1 (Ma et al.
2015). This galaxy’s star formation rate density, ΣSFR,
is 4200 M yr−1 kpc−2, one of the highest of any known
galaxy (Hezaveh et al. 2013; Spilker et al. 2015; Ma et al.
2015, 2016).
Hezaveh et al. (2013) and Spilker et al. (2016)
performed gravitational lensing reconstructions of the
860µm continuum emission in SPT0346-52. This work
was continued in Spilker et al. (2015), which recon-
structed the CO(2-1) line in 200 km s−1 channels. This
lensing reconstruction showed that gas with velocities
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blueward of −100 km s−1 was spatially offset from the
rest of the emission, but it was unable to distinguish
between a merging system of galaxies or a rotation-
dominated system due to insufficient spatial resolution
(& 0.′′5).
Ma et al. (2016) explored the origin of the high lumi-
nosity surface density and star formation rate and found
that the infrared luminosity is star-formation dominated,
with negligible contributions from a central active galac-
tic nucleus (AGN).
In this paper, we use ALMA Band 7 observations of
[CII]158µm (hereafter [CII]), a fine-structure line of singly
ionized carbon, combined with an interferometric lensing
reconstruction tool developed by Hezaveh et al. (2016),
to study the structure of SPT0346-52. [CII]158µm is an
ideal tracer of the gas in the interstellar medium (ISM)
of galaxies. At 11.26 eV, neutral carbon has a lower
ionization potential than neutral hydrogen, so [CII] can
be found in many different phases of the ISM and trace
regions inaccessible to observations of ionized hydrogen
emission. [CII] is the dominant cooling line in far-UV
heated gas (Hollenbach et al. 1991), making it an ideal
line with which to study the structure of SPT0346-52.
By studying the structure of this galaxy in [CII] we can
begin to understand what drives the intense star forma-
tion rates observed.
The ratio of the [CII] line luminosity to the far infrared
(FIR) continuum luminosity has been observed to de-
crease as the FIR luminosity increases (e.g., Malhotra
et al. 1997; Luhman et al. 1998, 2003; Dı´az-Santos et al.
2013; Gullberg et al. 2015), forming the so-called “[CII]
deficit” Several different mechanisms to produce the ob-
served [CII] deficit with respect to LFIR have been pro-
posed. These include charged dust grains in high UV
radiation fields, self absorption of [CII] or optically thick
[CII], saturated [CII] emission in very high density pho-
todissociation regions (PDRs), dust-bounded photoion-
ization regions, and star formation rates driven by gas
surface densities (Malhotra et al. 1997; Luhman et al.
1998, 2003; Mun˜oz & Oh 2016; Narayanan & Krumholz
2017). Pinpointing the origin of this deficit has been dif-
ficult, especially since the deficit is not always observed
in DSFGs (e.g., Wagg et al. 2010; De Breuck et al. 2014).
Spatially resolved studies of the [CII] deficit have recently
become possible at high redshift (e.g., Rawle et al. 2014;
Oteo et al. 2016) and should be able to provide a more
comprehensive look at the gas conditions associated with
the deficit. The analysis in this paper allows for a spa-
tially resolved study of the [CII] deficit in SPT0346-52.
The [CII] observations from ALMA are described in
Section 2. Section 3 describes the lensing reconstruc-
tion code used and the source-plane reconstruction of
SPT0346-52. The [CII] deficit and a kinematic analy-
sis of the results are described in Section 4 and further
discussed in Section 5. A summary and conclusions are
provided in Section 6. Throughout this paper, we adopt
the cosmology from Planck Collaboration et al. (2016),
with Ωm = 0.309, ΩΛ = 0.691, and H0 = 67.7 km s
−1.
At z = 5.6559, 1′′ = 6.035 kpc (Wright 2006).
2. ALMA OBSERVATIONS
ALMA Band 7 observations of SPT0346-52 were car-
ried out on 2014 September 02 and 2015 June 28 (project
ID: 2013.1.01231, PI: Marrone). SPT0346-52 was ob-
Fig. 1.— High-resolution ALMA observation of SPT0346-52.
The image shows the velocity-integrated [CII] line. The contin-
uum is shown overlaid as white contours. The synthesized beam
(0.′′17×0.′′19) is illustrated as the bue ellipse in the lower left corner.
served twice at different resolutions, with ∼ 5 minutes
on source in both observations. The 2014 September 02
observation used 34 antennae with baselines up to 1.1km.
For the 2015 June 28 observation, 41 antennae were used
with baselines up to 1.6km, yielding higher resolution.
The reference frequency (first local oscillator frequency)
was 291.53GHz. J0334-4008 was used as both the flux
calibrator and the phase calibrator on both days. More
information about the observations is available in Table
1.
The data were processed using the Common Astron-
omy Software Applications package (CASA; McMullin
et al. 2007) pipeline version 4.2.2. Some additional flag-
ging was carried out before processing the data with the
pipeline. Images were made using the clean algorithm
within CASA, with Briggs weighting (robust=0.5). The
continuum was subtracted from the line cube using
uvcontsub (fitorder=1). The [CII] data were binned to
50 km s−1 channels. The observed 158µm dust emission
and integrated [CII] emission are shown in Figure 1.
The observed [CII] spectrum is shown in Figure 2. It
shows a profile with two peaks, one red-shifted and one
blue-shifted relative to the [CII] rest frequency. This
spectrum is obtained using the observed complex visibil-
ities rather than cleaned images of the [CII] line. The
method used to create the spectrum is described further
in Appendix A.
3. LENSING RECONSTRUCTION
Gravitational lensing is a useful phenomenon for ob-
serving faint emission. Lensing conserves surface bright-
ness of lensed background sources but it increases their
apparent sizes, resulting in greater observed flux. How-
ever, strong lensing produces multiple distorted images
of background sources and studying the intrinsic proper-
ties of lensed objects requires correcting for the lensing
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TABLE 1
ALMA Band 7 Observations of SPT0346-52
Date # of Ant. Resolution PWVa tbint Noise Level
c
(arcsec) (mm) (min) (mJy/beam)
2014-Sep-02 34 0.26× 0.23 0.944 5.3 0.44
2015-Jun-28 41 0.19× 0.17 1.315 5.2 0.54
a Precipitable water vapor at zenith
b On-source integration time
c Root-mean-square noise level in continuum image
Fig. 2.— Spectrum of observed [CII] emission in SPT0346-52.
The spectrum was obtained using the observed visibilities and the
model continuum visibilities as described in Appendix A.
distortion.
3.1. Pixellated Lensing Reconstruction
To determine the structure of SPT0346-52, we use the
pixellated lensing reconstruction code ripples. This
code is described in detail in Hezaveh et al. (2016),
with the general framework of using pixellated sources
described in Warren & Dye (2003) and Suyu et al.
(2006). ripples models the interferometric observations
of lensed sources. It models the mass distribution in the
lensing galaxy and the background source emission while
accounting for observational effects such as those due to
the primary beam.
Using a pixellated source reconstruction is advanta-
geous as it does not assume a specific source structure
(i.e., the source is not constrained to follow, for example,
a Gaussian or Se´rsic surface brightness profile). Instead,
it has the flexibility to model more complex source struc-
tures, especially when high-resolution data are available,
because of the large parameter space of the source pixels
and the less constraining priors. Using an inherently in-
terferometric code such as ripples also allows us to use
all of the data available from an observing session with
an interferometer like ALMA.
The model visibilities can be written as a linear matrix
equation,
V = F (BLS). (1)
Light from the background source, S, is first lensed by
the foreground galaxy. Pixels in the image (lensed) plane
are mapped back to the source (de-lensed) plane for a
given set of lens parameters. The lensing operation is a
matrix represented by L in Equation 1, and depends on
the mass distribution of the lensing galaxy. The lensed
emission is then modified by the primary beam of the
telescope (represented by the matrix B). Finally, we
take a Fourier transform of the sky emission, F to obtain
the complex visibilities of interferometric observations,
V . The model visibilities are compared to the observed
visibilities via a χ2 goodness-of-fit test. A Markov Chain
Monte Carlo (MCMC) method is used to solve for the
lens galaxy mass distribution parameters.
In addition to the lens parameters, there is a regular-
ization term, λ. The regularization term acts to smooth
the source and minimize large gradients between adjacent
pixels in the source plane. This prevents over-fitting of
the data, or fitting to the noise in the source plane image.
λ is determined by
Ns − λTr([FL+ Cˆs]−1Cˆs−1)− λST CˆsS = 0, (2)
where Ns is the number of source pixels and Cs is the
source covariance matrix. λ scales an arbitrarily normal-
ized source covariance matrix, Cˆs. It is determined for
a fixed lens model, rather than being simultaneously fit
for with the lens parameters. We fit for λ, then run the
MCMC with ripples. These two steps are repeated un-
til the chains have converged around a most-likely set of
parameters.
After modeling the mass distribution of the lensing
galaxy, we obtain a pixellated map of the source-plane
emission, a model image, and model complex visibilities.
3.2. Reconstruction of SPT0346-52
We model the lensing galaxy as a singular isothermal
ellipsoid at z = 0.9 with an external shear component.
The initial parameters are taken from previous lensing
reconstructions of SPT0346-52 by Hezaveh et al. (2013)
and Spilker et al. (2015). The best-fit model was deter-
mined by fitting the 158 µm continuum data because the
continuum has a much higher signal-to-noise ratio than
the individual line channels. Figure 3 shows a probabil-
ity density plot of the lens parameters with the results of
the MCMC. The determined lens parameters are given
in Table 2.
The best-fit model was then applied to the [CII] line in
each 50 km s−1 channel. This channel width was chosen
to be wide enough to have high signal-to-noise to be able
to reconstruct the source in each channel, while being
narrow enough to study kinematic features in SPT0346-
52. The source regularization, λ, for the [CII] line was
fixed for all 50 km s−1 channels. The original image,
model image, and model source are shown for each chan-
nel in Figure 4.
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Fig. 3.— Triangle plot with the model lens parameters from reconstructing SPT0346-52. M is measured in M and is the mass enclosed
within 10 kpc. ex and ey are the x- and y- components of lens galaxy’s ellipticity. x and y are the offset of the lens center in arcseconds.
γx and γy are the x- and y- components of shear.
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TABLE 2
SPT0346-52 Lens Parameters
Parameter Value
log Mass[M] 11.43± 0.02
Ellipticity x-Component, ex −0.16± 0.02
Ellipticity y-Component, ey 0.49± 0.06
Ellipticity, ea,c 0.52± 0.06
Position Angle, φe (E of N)b,c 72± 6◦
Lens x Position, x 0.′′076± 0.′′014
Lens y Position, y 0.′′31± 0.′′01
Shear x-Component, γx 0.035± 0.022
Shear y-Component, γy −0.093± 0.015
Shear Amplitude, γa,c 0.10± 0.02
Shear Position Angle, φγ (E of N)b,c 111± 12◦
a α =
√
α2x + α
2
y , where α = e or α = γ
b φα = arctan (−αy/αx), where α = e or α = γ
c Derived from best-fit parameters
Hezaveh et al. (2013) reconstructed the 860 µm con-
tinuum of SPT0346-52 only using short baselines, assum-
ing a symmetric Gaussian source profile. Spilker et al.
(2015) reconstructed the CO(2-1) line emission using the
code visilens (Spilker et al. 2016). They used four
200 km s−1 channels and assumed a symmetric Gaussian
source-plane structure for each channel. Channels blue-
ward of −100 km s−1 were spatially offset from redder
emission, with the same orientation and velocity ranges
obtained with the reconstruction of the [CII] line. The
−400 km s−1 and +200 km s−1 channels from the para-
metric reconstruction of CO(2-1) in Spilker et al. (2016)
show disks with similar size and orientation as the two
components in the [CII] pixellated reconstruction from
this work (see Figure 4).
We combined the reconstructed channels from Figure 4
into a map of the [CII] emission (Figure 5). The top im-
age shows the reconstructed continuum emission, while
the bottom image shows the velocity-integrated recon-
structed [CII] line. There are two lobes in the [CII] emis-
sion, with the lower left component much brighter than
the upper right component. The continuum emission,
arising mostly from dust, is more regular and is roughly
elliptical. It is located near the center of the [CII] emis-
sion, between the two components and is less extended
than the [CII] emission. The dust continuum emission
has been found to be more compact than the [CII] emis-
sion in other high-z galaxies. Gullberg et al. (2018) mea-
sured [CII]-emitting regions that are 1.6× more extended
than the regions with dust continuum emission in four
z ∼ 4.5 DSFGs. Wang et al. (2013a) found dust con-
tinuum in 1.2 − 2.3 kpc regions and [CII] emission in
1.7− 3.5 kpc regions in z ∼ 6 quasars with vigorous star
formation in the central region of the quasar host galax-
ies. Oteo et al. (2016) found similar sizes in the dust
continuum and [CII] emission regions of SGP38326. An
offset between the brightest [CII] emission and the cen-
ter of the dust emission, as is seen in the source-plane
reconstruction of SPT0346-52, was also observed in the
Seyfert 2 galaxy NGC1068 (Herrera-Camus et al. 2018a).
We also find the dust continuum emission to be smoother
than the [CII] emission. Smooth dust continuum emis-
sion with clumpy [CII] emission was also seen by Oteo
et al. (2016) in SGP38326, a pair of interacting dusty
starbursts.
Figure 6 shows a spectrum of the reconstructed [CII]
emission. The spectrum was obtained by summing the
flux from the pixels in the source plane reconstruction,
while excluding pixels near the edges of the source plane.
There are two clear peaks in the spectrum with similar
maximum fluxes. A two-component Gaussian was fit to
the spectrum; the results are overlaid on Figure 6. The
blue component is centered at −287 ± 22 km s−1 and
has a FWHM of 337 ± 22 km s−1. The red component
is centered at +158± 22 km s−1 with a FWHM of 319±
15 km s−1. Similar velocity structure to that seen in
the source-plane spectrum was also observed by Spilker
et al. (2015), Aravena et al. (2016), Dong et al. (2018,
submitted), and Apostolovski et al. (in prep).
3.3. Source Plane Resolution
In order to determine the resolution in the source
plane, we created a set of mock visibilities for a point
source in the source plane that was lensed by the best-fit
lens model. ripples was then applied to the mock visi-
bilities to reconstruct the source and a 2D Gaussian was
fit to the reconstructed source. This Gaussian is the ef-
fective resolution. This process was repeated with the lo-
cation of the point source varying throughout the source
plane to understand the variation in resolution across the
source. We find that in regions away from the central
diamond caustic the effective resolution is 0.′′13 × 0.′′15,
while closer to the diamond caustic the effective resolu-
tion decreases to 0.′′12× 0.′′12. Example effective resolu-
tion ellipses are shown in blue in Figure 5.
4. ANALYSIS
4.1. [CII] Deficit
[CII] is usually the brightest coolant line of the ISM.
While it can be emitted in a variety of ISM conditions, it
is primarily produced in warm, diffuse gas at the edges
of photodissociation regions (PDRs) being heated by an
external FUV radiation field, such as a star-forming re-
gion or AGN (Hollenbach et al. 1991; Malhotra et al.
1997; Luhman et al. 1998; Pineda et al. 2010). Pavesi
et al. (2018) calculated that ∼ 85% of [CII] emission in
a z = 5.7 DSFG comes from PDRs. One of the more
interesting aspects of the [CII]line is the so-called “[CII]
deficit”, in which the L[CII]/LFIR ratio has been found
to decrease at high LFIR, though this is not always the
case. The deficit is often associated with AGN activity,
though not all AGN have a [CII] deficit (Sargsyan et al.
2012). Farrah et al. (2013) also showed that the deficit is
stronger in merging systems, with no clear dependence
on the presence of an AGN. The deficit was found to
be strongest in AGN with the highest central starlight
intensities, rather than those with the highest X-ray lu-
minosities at low redshift (Smith et al. 2017). This is
further supported by Lagache et al. (2018), who found
that the [CII] deficit is correlated with the interstellar ra-
diation field in their simulations. In resolved [CII] studies
of the Orion Nebula in our galaxy and other DSFGs, the
[CII] deficit has been shown to be strongest in regions
with higher star formation rates (Goicoechea et al. 2015;
Oteo et al. 2016).
Several mechanisms have been suggested as a cause for
the [CII] deficit. The [CII] line may be optically thick or
self-absorbed by foreground gas. Enhanced IR emission,
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Fig. 4.— Reconstruction of [CII]158µm emission in 50 km s−1 channels. Left 3-panel column: blue velocities. Right 3-panel column:
red velocities. Within each column: Left: observed [CII] from ALMA. Center: model sky emission. Right: reconstructed source with
lensing caustic. Lensed images are 5′′ on a side. The source plane images are 8.5 kpc a side. The light blue ellipses in the corners of the
source-plane panels show the effective resolution where the emission is brightest in each channel. The data and model sky emission have
one color scale, and images of the reconstructed source have another color scale. These color scales are the same across all channels.
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Fig. 5.— Result of pixellated lensing reconstruction of SPT0346-
52. Top: map of continuum emission at 158µm. Bottom: map of
integrated [CII] emission. The resolution varies across the source
depending on the location relative to the caustics (white lines).
The blue, green, and purple ellipses in the corner indicate the 1σ
size of the 2D Gaussian fit to determine the effective resolution in
the reconstruction at the locations of the dots in the maps of the
same color. To see more of how the resolution varies across the
source plane, see Figure 4. Colorbar units are mJy/pixel.
from intense star formation or an AGN, can also lead to a
deficit (Malhotra et al. 1997; Luhman et al. 1998). More
recently, Narayanan & Krumholz (2017) proposed that
increased surface densities in clouds and increased star
formation rates cause a rise in the fraction of gas that is
CO-dominated, rather than [CII]-dominated, leading to a
[CII] deficit. In addition, Dı´az-Santos et al. (2017) found
a correlation between the UV flux to gas density ratio,
G/nH , and ΣIR. They found a critical surface density,
Σ∗IR ' 5 × 1010 L kpc−2, below which G/nH remains
constant. Above Σ∗IR, they found that G/nH increases.
They argued that the relation between G/nH and ΣIR
links kpc-scale galaxy properties to those of individual
PDRs. Herrera-Camus et al. (2018a) also found a crit-
ical surface density, ΣFIR & 1011 L, above which the
L[CII]/LFIR ratio decreases, but with increased scatter.
The [CII] deficit has also been found to correlate directly
with G/nH (e.g., Malhotra et al. 1997).
Using the pixellated lensing reconstruction, we have
resolved maps of the source-plane continuum and [CII]
emission. This allows us to obtain a resolved map of the
Fig. 6.— Spectrum of reconstructed [CII] emission in SPT0346-
52. The solid black line shows the two component Gaussian fit
to the spectrum, with the individual components shown in red
and blue dashed lines. The two components are centered at
−287 km s−1 and +158 km s−1 relative to z = 5.6559. The purple
dashed line shows the spectrum obtained from the (lensed) visibil-
ities in Figure 2.
L[CII]/LFIR ratio and probe the [CII] deficit to smaller
scales than has previously been possible at high redshift.
In order to study the [CII] deficit, we assume that the
158µm continuum flux density, Fcont, traces the LFIR
ratio. The measured continuum flux in each pixel, Fcont,i,
is scaled proportional to the total LFIR, using LFIR from
Gullberg et al. (2015) and corrected for lensing using the
magnification from Spilker et al. (2016) such that
LFIR,i = Fcont,i
(
LFIR
ΣFconti
)
. (3)
This method assumes a constant flux density-to-
luminosity ratio, and thus a constant dust tempera-
ture. We tested the effect of this assumption by de-
termining the total FIR luminosity for a range of dust
temperatures measured in DSFGs from the SPT sam-
ple (22 < Td < 57). LFIR was calculated by inte-
grating the spectral energy distribution (SED; modeled
by a modified black body, see Greve et al. 2012) from
42.5 − 122.5µm and scaling the SED to go through the
flux of SPT0346-52 at 158µm. Resulting LFIR values
were within a factor of ∼ 2 of the luminosity measured
by Gullberg et al. (2015), so the variation caused by vari-
able dust temperatures in the galaxy is within a factor
of ∼ 2.
A map of the L[CII]/LFIR ratio is shown in Figure 7.
Typical values of the L[CII]/LFIR ratio in the center of
SPT0346-52 are around ∼ 1 × 10−4. This value is
consistent with other ultra-luminous infrared galaxies
(ULIRGs) and DSFGs that have the [CII] deficit (e.g.,
Maiolino et al. 2005; Iono et al. 2006; Oteo et al. 2016;
Mazzucchelli et al. 2017; Decarli et al. 2017). The higher
values of L[CII]/LFIR at the edges of the galaxy are due to
the low amounts of continuum emission in those regions.
Oteo et al. (2016) found a similar mapped distribution in
a pair of interacting DSFGs and suggested it was due to
the different morphology of the [CII] emission compared
to the dust continuum emission. As with SPT0346-52,
the sources studied by Oteo et al. (2016) do not show
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Fig. 7.— [CII]to FIR luminosity ratio in SPT0346-52. The center
region, where the continuum emission is strongest, shows relatively
uniform values for L[CII]/LFIR in the center, ∼ 1 × 10−4. The
white contour traces the strongest region of continuum emission.
The larger values at the edges of the galaxy are due to the falling
continuum emission.
evidence for AGN activity (Oteo et al. 2016). The uni-
formity of the L[CII]/LFIR ratio is similar to the merging
system observed by Neri et al. (2014).
Figure 8 shows the L[CII]/LFIR vs ΣFIR relation for
SPT0346-52, pixels from the lensing reconstruction,
other high-z sources, and ULIRGs from the goals sur-
vey (Dı´az-Santos et al. 2013). As noted by Spilker et al.
(2016), the L[CII]/LFIR vs ΣFIR relation continues to
higher values of ΣFIR for high-z sources. The tight rela-
tion continues to hold true at smaller physical scales (the
purple diamonds and green shaded region in Figure 8 are
individual pixels in resolved [CII] observations from this
work and Oteo et al. 2016), with a similar scatter as
previous, galaxy-averaged studies at high redshift.
The spatially resolved [CII] deficit was recently ex-
plored in nearby galaxies. Smith et al. (2017) measured
L[CII]/LTIR at 0.2− 1.6 kpc scales in the Kingfish sam-
ple and found that the L[CII]/LTIR vs ΣSFR relation con-
tinues at lower values of ΣSFR. The relation between
L[CII]/LTIR and ΣSFR found by Smith et al. (2017) is in
good agreement with the star formation rate density and
L[CII]/LFIR ratio in SPT0346-52. This relation, and the
similar L[CII]/LFIR vs ΣFIR trend explored in this work,
spans many orders of magnitude. It holds true both for
spatially resolved regions and galaxy-averaged values at
high and low redshift. The [CII] deficit appears to come
from local conditions in the ISM because it continues to
hold over smaller physical areas. Gullberg et al. (2018)
reached the same conclusion in their resolved study of
[CII] emission in four z ∼ 4.5 DSFGs.
Mun˜oz & Oh (2016) argue that the [CII] deficit is the
result of thermal saturation of the [CII] emission line.
The relation of L[CII]/LFIR vs ΣIR from Mun˜oz & Oh
(2016) is plotted in Figure 8 for f[CII] ≈ 0.13 as a black
dash-dotted line. f[CII] is proportional to L[CII]/LFIR,
and f[CII] ≈ 0.13 is the fraction of the total gas in a
galaxy traced by [CII] for a typical DSFG. However, if
we calculate f[CII] (Equation 5 from Mun˜oz & Oh 2016)
for SPT0346-52 using αCO = 2.2, using L
′
CO(2−1) from
Spilker et al. (2015) and assuming L′CO(1−0) = L
′
CO(2−1),
we find that f[CII] = 0.21. This moves the relation from
Mun˜oz & Oh (2016) above the majority of the pixels in
the reconstruction of SPT0346-52 in Figure 8 (grey dash-
dot line). It should be noted that the other lines shown
in Figure 8 are empirical fits to the data.
Herrera-Camus et al. (2018a) looked at the L[CII]/LFIR
ratio in the shining sample of nearby galaxies, with spa-
tially resolved information for 25 of their galaxies. In
Herrera-Camus et al. (2018b), they use a pair of toy
models to explore the origin of the [CII] deficit, one
with the ISM modeled as having OB stars and molec-
ular gas clouds closely related, and the other with OB
associations and neutral gas clouds randomly distributed
throughout the ISM. In the former case, the [CII] inten-
sity only weakly depends on G0 (because the ionization
parameter reaches a limit, U ≈ 0.01) and nH (because
the density of the neutral gas exceeds the critical den-
sity for collisional excitation of [CII]), and in the latter
case, the [CII] intensity is nearly independent of G0 (be-
cause photoelectric heating efficiency decreases), while
the FIR intensity is proportional to G0 in both scenarios.
They conclude that the combination of both scenarios
best replicates the observed [CII] deficit, including a crit-
ical luminosity surface density of ΣFIR ≈ 1010 L kpc−2
above which the L[CII]/LFIR ratio begins to decline.
4.2. Kinematic Analysis
In addition to the [CII] emission map shown in Figure 5,
we calculate moment 1 (intensity-weighted average veloc-
ity, shown in the top left panel of Figure 9) and moment 2
(intensity-weighted velocity dispersion, top right panel of
Figure 9) of the reconstructed line. The velocity disper-
sions in the center of the system reach very high values
(σ > 200 km s−1). Extracting the velocities along the
major axis of SPT0346-52 (dashed line in Figure 9, top
right panel) reveals two spatially distinct velocity com-
ponents. This is shown in the position-velocity diagram
in the middle panel of Figure 9.
In order to separate the two velocity components seen
in Figure 9, we fit the spectrum of each pixel with two
Gaussian components. Each Gaussian is assigned to the
appropriate galaxy component based on its velocity. The
shape of the velocity-integrated [CII] emission in each
of the two spatial components is fitted with an ellip-
tical gaussian distribution. The centers and elliptical
full-width half-maximum shapes of these components are
shown in Figure 10. The spatial distribution of the gas
bridge, outlined in purple in Figure 10, is determined by
selecting pixels with emission at velocities intermediate
to the two main galaxy components.
5. DISCUSSION
5.1. Merging Galaxies
Estimates of the fraction of DSFGs that have multi-
ple components or are merging are varied. For exam-
ple, from continuum emission only Spilker et al. (2016)
found only 13% of lensed DSFGs from the SPT sample
showed strong evidence of having multiple components,
while Bussmann et al. (2015) found 69% of DSFGs with
multiple components. If only the intensity-weighted ve-
locity (moment 1) map (see Figure 9) were considered
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Fig. 8.— L[CII]/LFIR vs ΣFIR. The magenta star shows the galaxy-summed value for SPT0346-52 from this work. The purple diamonds
show the individual pixels from the lensing reconstruction. The size of the diamonds is weighted by the continuum signal-to-noise. The right
panel zooms in on the region from the left panel with the pixels from the SPT0346-52 reconstruction (light blue box). The green squares
are the resolved DSFGs (SGP 38326) from Oteo et al. (2016), while the green shaded region outlines the parameter space occupied by their
individual pixels. The turquoise shaded squares represent spaxels from a spatially resolved survey of FIR lines in the z ∼ 0 shining sample
(Herrera-Camus et al. 2018a). The pink shaded region represents binned pixels from a spatially resolved study of the [CII] deficit in the
kingfish galaxy sample (Smith et al. 2017). The blue triangles are SPT DSFGs (Gullberg et al. 2015). The black points are low-redshift
star-forming galaxies and ULIRGs from the goals survey (Dı´az-Santos et al. 2013). The light blue points represent global values from
nearby galaxies in the shining survey (Herrera-Camus et al. 2018a). The steel blue points are additional nearby galaxies (Farrah et al.
2013; Brauher et al. 2008). The dark blue points are z > 6 quasars from Decarli et al. (2018) and Izumi et al. (2018). The grey points are
additional high-redshift objects from the literature (Walter et al. 2009; Carniani et al. 2013; Riechers 2013; Wang et al. 2013a; De Breuck
et al. 2014; Neri et al. 2014; Riechers et al. 2014; Yun et al. 2015; Dı´az-Santos et al. 2016; Pavesi et al. 2018; Hashimoto et al. 2018). The
grey circles represent the L[CII]/LFIR ratio in the cores (measured within the continuum spectrum) and annuli (measured between the
continuum and [CII] apertures) for three DSFGs at z ∼ 4.5 in Gullberg et al. (2018). The solid grey lines connect core of a given DSFG
to the annulus of that DSFG. The core values have higher ΣFIR and lower L[CII]/LFIR than their annulus counterparts. The grey solid
line represents the relation found by Dı´az-Santos et al. (2013) and extended by Spilker et al. (2016). The black dash-dot line represents
the relation from Mun˜oz & Oh (2016) saturation of the [CII] line for f[CII] = 0.13, the value for typical DSFGs. The grey dash-dot line
represents the relation from Mun˜oz & Oh (2016) for f[CII] = 0.21, the value calculated for SPT0346-52. The solid line is the relation found
by Dı´az-Santos et al. (2017). The dotted line is the relation fit by Smith et al. (2017) ΣSFR values were converted to ΣFIR following
Murphy et al. (2011) and Greve et al. (2012). The dashed line is the fit from Lutz et al. (2016).
when studying the kinematics of SPT0346-52, this sys-
tem could appear to be a symmetric, rotating disk. How-
ever, only ∼ 40%− 80% of merging systems show asym-
metric kinematics in their star-forming gas (Hung et al.
2016), so symmetric gas kinematics is not a definitive
way to determine that a galaxy is not a merging system.
The lensing reconstruction of SPT0346-52 reveals two
separated components (see Figure 9). The centers of
these components are separated by ∼ 1 kpc and ∼
500 kms−1. There is a significant decrease in emission at
velocities between the center velocities of the two compo-
nents, as shown in Figure 6. Both of these components
are larger than the effective resolution in this region of
the reconstructed source plane, and they are separated
by ∼ 2 − 3 resolution elements. Therefore, these two
components are more likely to represent two separate
structures, rather than a barely-resolved rotating disk.
The two components overlap in the middle of the sys-
tem, near the peak of the continuum emission. This re-
gion of overlap has a more complex velocity structure
and higher velocity dispersions (Figure 9, top panel). Be-
cause the overlap region is where there is the most dust
continuum emission, the star formation is likely occur-
ring most intensely in that region, as has been observed
in other merging systems such as The Antennae Galax-
ies (Mirabel et al. 1998; Karl et al. 2010). Teyssier et al.
(2010) also found that merger-induced star formation is
relatively concentrated near the center of merging sys-
tems in their hydrodynamic simulations.
In addition to the red and blue components, a position-
velocity slice through the more complex velocity struc-
ture reveals a bridge of gas connecting the two compo-
nents. The extraction line is indicated by the dotted
line in the moment 2 map in Figure 9, and the position-
velocity diagram through this slice is shown in the bot-
tom panel of Figure 9. The location of this bridge feature
is also indicated by the purple contour in Figure 10. This
structure resembles simulated tidal tails and observed
tidal tails, such as in Arp105 (Bournaud et al. 2004), as
well as the south tail in the The Antennae (NGC 4038/9,
Gordon et al. 2001) in position-velocity diagrams. De-
carli et al. (2017) also found [CII] emission connecting a
quasar host galaxy, PJ308-21, and a companion galaxy,
though on much larger scales (25 kpc and 1000 km s−1)
than what is observed in SPT0346-52.
Both components of SPT0346-52 have large velocity
dispersions (> 200 km s−1, determined by the Gaussian
fits to the spectra in each pixel). These large turbu-
lent motions can help stabilize disks against gravitational
fragmentation (e.g., Westmoquette et al. 2012; Rangwala
et al. 2015), see Section 5.2.
Several other merging DSFGs have been observed. For
example, Neri et al. (2014) observed [CII] emission in
HDF850.1 (z = 5.185) and found two components, one
red-shifted and one blue-shifted, and separated by 2 kpc
with radii ∼ 1 kpc. These components are similar in
size to the components observed in SPT0346-52. Neri
et al. (2014) explored the idea that HDF 850.1 was a ro-
10 Litke et al.
Fig. 9.— Top: Moments 1 and 2 of [CII] in SPT0346-52. Mid-
dle: Position-velocity diagram of the major axis of SPT0346-52.
The velocities were extracted along the dashed line shown in the
moment 2 map. There are two spatially and kinematically compo-
nents. Bottom: Position-velocity diagram of the bridge connecting
the two components of SPT0346-52. The velocities were extracted
along the dotted line shown in the moment 2 map, with positions
0 kpc marked by the black x’s. The units on the colorbars in the
position-velocity diagrams are Jy/pixel.
tating disk, but concluded that they observed a merger-
driven starburst. Rawle et al. (2014) also observed a
late-stage merging DSFG at z > 5 (HLS0918) with up
to four components separated by < 4 kpc. Engel et al.
(2010) concluded using CO observations that most bright
DSFGs with LIR > 5× 1012 L are major mergers. This
is consistent with the conclusion drawn from studies of
stellar structures (e.g., Chen et al. 2015). At z ∼ 7,
Hashimoto et al. (2018) concluded that the Lyman-break
galaxy B14-65666 was a merger-induced starburst galaxy
based on the velocity gradient in the [CII] line and a two-
component spectrum, whose spatial positions are consis-
tent with two [CII] knots and UV emission peaks. Cos-
mological hydrodynamic galaxy formation simulations by
Narayanan et al. (2015) have shown that many DSFGs
have multiple components, though the intense star for-
mation may be driven by stellar feedback rather than
Fig. 10.— Separation of the two components in SPT0346-52. The
blue and red ellipses outline the FWHM size of the blue and red
components, and the centers are marked with an x. The amplitudes
of the red and blue components of the Gaussian fits are shown as
the red and blue images. The darker region in the center shows
where the components overlap. The purple line outlines the pixels
containing the ”bridge” connecting the two components. Contours
of the continuum emission are overlaid in white for reference.
major mergers.
Mergers can trigger intense star formation activity
without producing an obvious AGN in DSFGs (Wang
et al. 2013b). Though many ULIRGs, which have sim-
ilar LIR as DSFGs and enhanced star formation, have
AGN activity that heats the dust and causes their high
values of LFIR, Younger et al. (2009) found that star
formation alone can produce warm IR colors and pro-
duce UV radiation that is reradiated by hot dust. About
63% of luminous infrared galaxies (LIRGs) have multi-
ple components (Haan et al. 2011; Engel et al. 2011).
Merging ULIRGs, which have higher FIR luminosities
than LIRGs and have FIR luminosities more similar to
that of SPT0346-52, have small nuclear separations (av-
erage 1.2 kpc) and are in later merging systems (Haan
et al. 2011). Similarly, SPT0346-52 could be a late-stage
merger.
Pavesi et al. (2018) recently observed [CII] in a
DSFG similar to SPT0346-52 at z = 5.667, COS-
MOS (FIR-)Red Line Emitter (CRLE), with SFR =
1500 M yr−1 and a diameter of 2.7 kpc. They de-
termined that CRLE is an intermediate stage merger.
CRLE has a gas depletion time scale of 45 Myr. For
SPT0346-52, we calculate a gas depletion timescale of
31± 10 Myr by dividing the gas mass from Spilker et al.
(2015) by the star formation rate from Ma et al. (2015),
similar to the depletion timescale calculated by Aravena
et al. (2016) for this system.
An alternative explanation for the kinematic morphol-
ogy in SPT0346-52 is that it is a rotating galaxy with a
clumpy gas disk. Clumpy, rotating disks have been ob-
served in DSFGs (e.g., Hodge et al. 2012; Iono et al. 2016;
Dannerbauer et al. 2017; Tadaki et al. 2018). However,
Hodge et al. (2016) searched for ∼ 1 kpc clumps (compa-
rable to the sizes of the clumps in GN20 and the compo-
nents in SPT0346-52) in luminous DSFGs and found no
significant evidence for clumping in most cases. Gullberg
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et al. (2018) looked at [CII] in four z ∼ 4.5 DSFGs. They
found three that showed a smooth morphology, while the
fourth could be a clumpy disk, though they cannot rule
out the possibility of it being a smooth disk. The data ex-
plored by Gullberg et al. (2018) and Hodge et al. (2016)
did not have enough signal-to-noise to definitively show
that the observed clumps were real, rather than noise
fluctuations. The data presented in this work have a
higher signal-to-noise ratio, allowing a more confident
classification of this system as a merger rather than a
clumpy, rotating disk.
5.2. Stability of Components
The Toomre Q parameter describes the stability of ro-
tating disk against gravitational collapse. It is given by
Q = csκ
1
piGΣgas
, (4)
where cs is the sound speed, κ is the epicyclic frequency,
and Σgas is the gas surface density (Toomre 1964). In
a system dominated by turbulent pressure, rather than
thermal pressure, this becomes
Q =
√
c2s + σ
2
Tκ
1
piGΣgas
, (5)
where σT is the turbulent velocity dispersion. In the
limit of high turbulence,
√
c2s + σ
2
T ∼ σT (Hayward &
Hopkins 2017). The gas is stable against gravitational
collapse if Q > 1 and unstable for Q < 1, though obser-
vations of galaxies and simulations of thick disks place
this threshold at Q ∼ 0.7 (Kennicutt 1989; Kim & Os-
triker 2007).
The sound speed and turbulent linewidth are difficult
to measure directly, so the gas velocity dispersion, σr
is often used instead. In cosmological simulations from
the FIRE (Feedback In Realistic Environments) suite, Su
et al. (2017) found that stellar feedback, which would be
an important factor in a rapidly star-forming system like
SPT0346-52, increases the turbulent velocity dispersion
by a factor of 2-3. Using the velocity dispersion instead
of the sound speed and true turbulent velocity disper-
sion likely provides an upper limit to Q (Prieto & Escala
2016). Because the observed velocity dispersion (σr) can
include ordered motion such as rotation or outflows it
tends to overestimate σT .(Su et al. 2017).
The epicyclic frequency, κ, is aΩ, where Ω is the rota-
tional frequency and a is a constant. For a flat rotation
curve, a = 1. In general, 1 < a < 2. Swinbank et al.
(2015) and Oteo et al. (2016) used an intermediary value
of a =
√
3; we use the same substitution here. The ro-
tational frequency can be described as Ω = vr/r. Then,
κ = aΩ ≈ √3vr/r.
With the above substitutions, we calculate the Toomre
Q stability parameter using
Q ≈ σr
√
3vr
r
1
piGΣgas
. (6)
While we do not assume that the components of
SPT0346-52 are disks, past spatially resolved calcula-
tions of Q have found Q < 1 locally where there are
star-forming regions and giant molecular clouds in other
systems, even when the global disk has Q > 1 (i.e., Fisher
Fig. 11.— Maps of Toomre Q disk stability parameter. Left:
blue component. The blue component pixels have [CII] intensity-
weighted mean Q¯ = 0.03 and maximum Qmax = 0.13. Right:
red component. The red component pixels have Q¯ = 0.02 and
Qmax = 0.06. Q  1 throughout the galaxy indicates that it is
unstable against gravitational collapse, consistent with rapid star
formation throughout both disks.
et al. 2017; Genzel et al. 2011; Martig et al. 2009). The
Q parameter can therefore be used to find local instabil-
ities independent of the global stability/instability of a
system.
To calculate the gas surface density, Σgas, we assume
the [CII] emission traces the gas. The total gas mass,
Mg = 1.5 × 1011 M, taken from Spilker et al. (2015),
is divided among the pixels according to their [CII] lu-
minosity. To convert to surface density, the gas mass in
each pixel is divided by the area of the pixel.
The surface density is then given by
Σgas,i ≈Mg Si∑
i Si
1
Ai
, (7)
where Si is the integral of the Gaussian component in
each pixel for each component from Section 4.2,
∑
i Si is
the total [CII] flux density, and Ai is the area of a pixel.
The value of σr used in Equation 6 is the standard de-
viation determined in the Gaussian line fitting described
in Section 4.2. To calculate vr, we first created velocity
fields for the two spatial/velocity components using the
mean velocity determined by the two-Gaussian line fit-
ting described in Section 4.2. These velocity fields were
then fit using the 2D tilted ring modeling in 3D-Barolo
(Di Teodoro & Fraternali 2015). These model velocity
fields are used as the values of vr throughout both com-
ponents. The position, r, is defined relative to the center
of each component, indicated by red crosses in Figure 10.
A map of the Toomre Q stability parameter is shown in
Figure 11. The individual pixels in the blue component
have a [CII] intensity-weighted mean of Q¯ = 0.03 and a
maximum value of Qmax = 0.13. The individual pixels in
the red component have Q¯ = 0.02 and Qmax = 0.06. All
values of Q are well less than one, indicating that the the
system (separated into individual components) is unsta-
ble to gravitational collapse. As mentioned above, using
σr instead of σT or cs gives the upper limit for Q. Thus,
the result that Q 1 everywhere and the disks are grav-
itationally unstable does not depend on this substitution.
We also calculated values of Q that would be mea-
sured for SPT0346-52 if we could not spatially resolve its
structure, as is typical of high-redshift galaxies observed
to date. We also consider the unresolved estimates for
the red and blue components alone. These values, along
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TABLE 3
Kinematic Values of the Components of SPT0346-52
Source Vc Vmax σ¯ R Q
(km s−1) (km s−1) (km s−1) kpc
Both 263 307 1.6 0.30
Blue −309 95 301 0.95 0.11
Red 158 30 313 0.94 0.05
with the maximum rotational velocity, Vmax, the mean
velocity dispersion, σ¯, and the radius of each component,
R, are given in Table 3. The values of Q are low com-
pared to previous studies of DSFGs. For example, Oteo
et al. (2016) calculated Q ∼ 0.22 and Q ∼ 0.35 for an
interacting pair of DSFGs at z = 4.425, and Swinbank
et al. (2015) found Q ∼ 0.3 in SDP.81. De Breuck et al.
(2014) found a higher average in ALESS 73.1, a z=4.76
DSFG, with average Q = 0.58, though with Q < 1 at
all radii. In Arp220, Q < 1 only in the inner part of
the disk, where the most intense star formation is occur-
ring (Scoville et al. 1997). The values of Q in SPT0346-
52 are consistent with studies of star-forming galaxies,
where giant star-forming clumps and local overdensities
were found to be unstable against fragmentation (Gen-
zel et al. 2011; Westmoquette et al. 2012; Martig et al.
2009). Where Q > 1 in Seyfert galaxies and ULIRGs, the
disks cannot fragment and form stars (Sani et al. 2012;
Tacconi et al. 1999). The low values of Q throughout
SPT0346-52 indicate that the components are very un-
stable against collapse, which is fully consistent with the
observed high star formation rate.
5.2.1. The Future of SPT0346-52
While mergers can trigger the onset of an AGN (e.g.,
Wang et al. 2013b), SPT0346-52 has negligible AGN ac-
tivity (Ma et al. 2016). However, many DSFGs and
merging systems do have AGN (e.g., Rawle et al. 2014;
Carniani et al. 2013; Westmoquette et al. 2012; Engel
et al. 2011; Younger et al. 2009, 2008). At z = 3.351,
Marsan et al. (2015) found an AGN in an ultra-massive
and compact galaxy at z = 3.35 whose stars formed in
an intense starburst 300 − 500 Myr prior. It is possible
SPT0346-52 currently has an AGN that is so heavily ob-
scured that X-ray emission is not visible. SPT0346-52
may also host an AGN in the future.
DSFGs are thought to evolve to form the red sequence
by z = 2. The stars in this red sequence would form in
an intense, short, dissipative burst of star formation at
z > 4 within a compact, re ≈ 1 kpc, region (Kriek et al.
2008). This effective radius is similar to that of SPT0346-
52. The models by Narayanan et al. (2015) suggest that
by z ∼ 0 DSFGs (like SPT0346-52) will reside in massive
dark matter (DM) halos with MDM ≈ 1014 M, though
not all of the intense star formation is driven by major
mergers. These studies are in agreement with that of
Cattaneo et al. (2013), who found that most 2 < z < 4
star-forming galaxies with M∗ > 1010 M evolve into
the most massive galaxies on the red sequence and had
a phase of intense star formation at z > 2. Similarly,
angular clustering analyses of z > 2 blank-field DSFGs
have suggested that DSFGs evolve into present day halos
with masses of 1013 − 1014 M (e.g., Chen et al. 2016;
Wilkinson et al. 2017). Oteo et al. (2016) observed a pair
of interacting DSFGs at z = 4.425. The system observed
by Oteo et al. (2016) is at an earlier merger stage than
SPT0346-52. They concluded that this system is likely
the progenitor of a massive, red, elliptical galaxy. At
z = 2.3, Fu et al. (2013) studied two interacting massive
starburst galaxies, separated by 19 kpc and connected by
a tidal tail or bridge. They similarly conclude that this
system will deplete its gas reservoir in 200 Myr and merge
to form an elliptical galaxy with M∗ ∼ 4× 1011 M.
SPT0346-52 is currently undergoing a phase of in-
tense star formation. It may deplete its gas reservoir
in ∼ 30 Myr (Aravena et al. 2016; Spilker et al. 2015;
Narayanan et al. 2015; Fu et al. 2013) and evolve into a
red sequence galaxy.
6. SUMMARY AND CONCLUSIONS
In this paper, we presented a pixellated lensing recon-
struction of high-resolution [CII] emission observed with
ALMA towards the z = 5.7 dusty star-forming galaxy
SPT0346-52. With this reconstruction, we mapped the
integrated [CII] emission and dust continuum at rest-
frame 158 µm in the (unlensed) source plane. We spa-
tially resolved the L[CII]/LFIR ratio in SPT0346-52 and
showed that the L[CII]/LFIR vs ΣFIR relation continues
at smaller spatial scales.
We also obtained source-plane velocity information on
SPT0346-52, including a demagnified spectrum and mo-
ment maps. The reconstruction revealed two spatially
and kinematically separated components, one red-shifted
and one blue-shifted relative to the [CII] rest frequency.
These components are connected by a bridge of gas. Each
individual component is extremely unstable, with the
Toomre Q stability parameter Q  1 throughout both
components.
These components are in the process of merging. This
merger is likely driving the intense star formation ob-
served in SPT0346-52. SPT0346-52 may have an AGN in
its future and evolve into a massive red sequence galaxy.
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APPENDIX
USING VISIBILITY DATA TO CREATE THE [CII] SPECTRUM
SPT0346-52 is an extended source with an irregular structure due to gravitational lensing. Therefore, there is no
optimal aperture to contain all of the emission. When imaging these data, one has to make assumptions about the
structure of the source. Different weightings of the visibilities emphasize different aspects of the galaxy’s structure
(i.e., faint emission or small structures) and suppress some of the information inherently available from the visibilities.
In contrast, the observed complex visibilities contain all of the spectral line information.
We therefore obtain a spectrum of the observed [CII] emission from the observed complex visibilities. The flux
density in a given channel, Fv, is determined by
Fv =
∑
i
v˜v,i
m˜i
|m˜i|2∑
i |m˜i|2
, (A1)
where v˜v,i is the complex line data visibility and m˜i is the complex model visibility for the integrated [CII] line.
Dividing data by the model in the numerator removes the spatial structure, transforming the observed visibilities to
a point source. The data visibilities are then weighted by the amplitude of the model visibilities in the sum, which
emphasizes the visibilities where line emission is expected, and minimizes the weight of the visibilities with little-to-no
sensitivity to the emission structure. We use a model of the complex visibilities for the integrated [CII] line created
using a pixellated gravitational lensing reconstruction described further in Section 3.1.
The error on the flux density in each channel, σ, is the quadrature sum of the weights such that
σ2 =
(∑
i
|m˜i|2
)−1
. (A2)
The resulting spectrum is shown in Figure 2.
